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Abstract

The plastid potassium cation efflux antiporters (KEAs) are important for chloroplast function, development, and photosyn-
thesis. To understand their regulation at the protein level is therefore of fundamental importance. Prior studies have focused
on the regulatory K™ transport and NAD-binding (KTN) domain in the C-terminus of the thylakoid carrier KEA3 but the
localization of this domain remains unclear. While all three plastid KEA members are highly conserved in their transmem-
brane region and the C-terminal KTN domain, only the inner envelope KEA family members KEA1 and KEA2 carry a long
soluble N-terminus. Interestingly, this region is acetylated at lysine 168 by the stromal acetyltransferase enzyme NSI. If
an odd number of transmembrane domains existed for inner envelope KEAs, as it was suggested for all three plastid KEA
carriers, regulatory domains and consequently protein regulation would occur on opposing sides of the inner envelope. In
this study we therefore set out to investigate the topology of inner envelope KEA proteins. Using a newly designed antibody
specific to the envelope KEA1 N-terminus and transgenic Arabidopsis plants expressing a C-terminal KEA1-YFP fusion
protein, we show that both, the N-terminal and C-terminal, regulatory domains of KEAT1 reside in the chloroplast stroma
and not in the intermembrane space. Considering the high homology between KEA1 and KEA2, we therefore reason that
envelope KEAs must consist of an even number of transmembrane domains.
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Introduction

Plastids are eukaryotic cell organelles with diverse meta-
bolic and physiological functions. Although many differ-
ent specialized plastid types exist in plants, algae, and Api-
complexa they directly or indirectly all originate from an
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endosymbiotic event between an autotrophic cyanobacte-
rium and a heterotrophic protist cell (Nowack and Melkonian
2010). Eukaryotic photosynthesis takes place exclusively
in chloroplasts, which in plants are restricted to the green
tissues. The chloroplast has three distinct membranes: an
outer and inner envelope membrane, and the thylakoid mem-
brane. Because of its evolutionary history and its central
relevance for the cellular metabolism a plethora of transport
proteins exist in all three membranes to facilitate selective
flux within the organelle and exchange between the plastid
and the cytosol (Bolter and Soll 2001; Fischer 2011; Hohner
et al. 2016). In the model plant Arabidopsis thaliana, three
members from the K*-efflux antiporter (KEA) family reside
in the chloroplast: KEA1 and KEA2 in the inner envelope
and KEA3 in the thylakoid membrane (Aranda-Sicilia et al.
2012; Armbruster et al. 2014; Kunz et al. 2014). KEA1 and
KEAZ2 are critical for chloroplast function and organelle
development (Aranda-Sicilia et al. 2016). Therefore, loss of
function in both proteins results in slowly growing Arabi-
dopsis mutants with pale yellow—green leaves (Roston et al.
2012; Kunz et al. 2014). Interestingly, KEA3, which resides
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in the thylakoid membrane, fulfills a very specific role in
regulating photosynthesis under dynamic light conditions
(Armbruster et al. 2014). Consequently, mutants compro-
mised in KEA3 function display an overall wild-type appear-
ance but reveal a high non-photochemical quenching (NPQ)
phenotype upon light shifts (Armbruster et al. 2014; Kunz
et al. 2014).

Over the last years, several studies have shown the poten-
tial of adjusting photosynthetic efficiency to increase crop
yields (Kromdijk et al. 2016; Hubbart et al. 2018). To this
end, manipulating the ion flux through chloroplast ion
transport proteins represents an interesting avenue to con-
trol photosynthesis [reviewed in: (Armbruster et al. 2017)].
However, a recent study on the thylakoid ion transportome
revealed that while the membrane localization for the KEA
members was confirmed many times, at least some ion
transport proteins remain controversial or unknown (Hoh-
ner et al. 2019). Therefore, the plastid KEA carriers are a
good starting point to manipulate ion and H flux across the
chloroplast membranes. To successfully pursue the goal of
controlling photosynthesis via plastid ion flux it is not only
critical to understand the general mode of action by which
KEA carriers function, but it is equally important to eluci-
date the exact regulatory mechanisms, which govern KEA
transport activity.

All plastid KEA proteins share a conserved region in their
C-terminus called K* transport and NAD-binding (KTN)
domain (Roosild et al. 2002). KTN domains have been found
in a diverse range of K* transport systems. Their close prox-
imity to conserved K™ channel pores or K* transport regions
early on suggested an important regulatory role for them.
Over the last decades, various studies have revealed that
KTN domains can bind NAD(P)*/NAD(P)H (Kroning et al.
2007; Roosild et al. 2009) but also ATP, ADP, and AMP
(Johnson et al. 2009; Pliotas et al. 2017). Indeed, the binding
of KTN substrates was shown to affect K* flux or transport
rates of the respective transport proteins.

Thus far, KEA3 is the only family member which has
undergone some initial protein topology investigations (Arm-
bruster et al. 2016; Wang et al. 2017). Both studies attempted
to pinpoint the suborganellar localization of the C-terminal
KTN domain. However so far, the obtained results are unclear
and conflicting. Whereas in the initial study thermolysin treat-
ments suggested that the KEA3 KTN domain expands into the
thylakoid lumen (Armbruster et al. 2016), later results employ-
ing trypsin proposed the opposite, i.e., the KTN domain fac-
ing the stromal face of the thylakoid membrane (Wang et al.
2017). Interestingly, both groups and others used a similar in
silico model predicting an uneven number of transmembrane
(TM) domains for all plastid KEAs (Tsujii et al. 2019). Conse-
quently, the two studies were also inconsistent in the position
of the KEA3 N-terminus with either one suggesting oppos-
ing faces of the thylakoid membrane as the localization site.
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Investigating the position of the KEA3 N-terminus is inher-
ently difficult as the soluble stretch is short and after cleav-
age of the transit peptide unlikely offers sufficient accessible
amino acids to design peptide epitopes for antibody produc-
tion. Therefore, the only experimental data obtained on the
KEA3 N-terminus were gathered indirectly by using a pegyla-
tion assay and a subsequent small shift in protein size (Wang
et al. 2017).

The situation is different for KEA1 and KEA2 (hereafter
KEA1(2) if valid for both proteins). While the TM domains
between KEA1, KEA2, and KEA3 are highly conserved,
exclusively the two envelope carriers possess an approxi-
mately 500 amino acids long, soluble N-terminal stretch
(Chanroj et al. 2012). Because of this unusual structure, the
KEA1/2 N-termini were falsely annotated as separate genes
for a long time (Maser et al. 2001). However, the region is
indeed part of a continuous functional reading frame, since
T-DNA insertions or loss-of-function mutations in the N-ter-
minus prevent KEA1(2) function (Kunz et al. 2014; Sheng
et al. 2014; Luo et al. 2018). Recently, this finding was further
corroborated by proteomics showing that KEA1(2) N-termini
are subject to post-translational modifications via phospho-
rylation and acetylation (Reiland et al. 2009; Koskela et al.
2018; Liu et al. 2018). The acetylation is probably catalyzed
by the acetyltransferase NSI localized in the chloroplast stroma
because nsi-1 and nsi-2 loss-of-functions mutants lack acetyla-
tion of the KEA1(2) N-termini (Koskela et al. 2018). Although
it remains to be shown how acetylation affects transport activ-
ity or binding of possible interaction partners, the results sug-
gest that the KEA1(2) N-termini should be exposed to the
chloroplast stroma where NSI could access its protein target.
However, taking into account the high homology of KEA1(2)
with KEA3 throughout their TMs and C-termini, a compari-
son to the currently suggested odd number of TMs in KEA3
would put the KEA1(2) KTN domain into the IMS preventing
a regulatory function on the stromal side.

In summary, to address the open questions regarding the
orientation of the regulatory sites of the plastid KEA carriers
we sought to investigate the topology of KEA1 and KEA2.
To achieve our goal we used trypsin and thermolysin treat-
ments of isolated intact chloroplasts as well as envelope frac-
tions followed by immunoblotting to monitor the protease
accessibility of the N-terminus and C-terminus from the two
KEA members embedded in the inner chloroplast envelope
membrane of Arabidopsis thaliana.

Materials and methods
Plant growth

Wild-type (WT) Arabidopsis thaliana accession Columbia-0
(Col-0) and mutant seeds were surface sterilized and grown
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on %2 Murashige & Skoog (MS) 1% (w/v) phytoagar, 1%
sucrose plates pH 5.8 for 14 days in 100 umol photons m~>
s~! illumination in a 16/8 h day-night cycle, temperatures
21/18 °C (light/dark). Leaf tissue of 2-3 week old plants
was harvested for isolation of total protein extracts or intact
chloroplasts.

Single and higher order mutants used in this study

Besides Col-0 WT control plants we employed a number
of previously isolated Arabidopsis mutants (all in Col-0
accession background). Loss-of-function T-DNA insertion
mutants: keal-1 (SAIL_586_D02), kea2-1 SALK_045324,
keal-1kea2-1 (SAIL_586_D02, SALK_045324) (Kunz
et al. 2014), and nsi-I (SALK_033944) (Koskela
et al. 2018). As for complementation lines we used:
pUBQ10::KEA1gDNA:YFP and pUBQ10::KEA2gDNA:YFP
both expressed in keal-1kea2-1 mutant background (Kunz
et al. 2014). Proper genetic complementation of photosyn-
thetic phenotypes in keal-1kea2-1+pUBQ10::KEAI:YFP
and keal-1kea2-1+pUBQ10::KEA2:YFP mutant lines was
determined using a MAXI version IMAGING-PAM (IMAG-
K7 by Walz, Effeltrich, Germany) and the ImagingPAM-
Processing toolkit (Schneider et al. 2019).

Generation of a-KEA1(2) immunoglobulin

A fragment spanning bp 861-1050 of the KEAI cDNA
(corresponding to the following peptide: KKDELQKEVD
KLNEFAETIQISSLKAEEDVTNIMKLAEQAVAFELEA
TQRVNDAEIALQRA) was synthesized with a C-terminal
6xHis-tag and cloned into pMAL-c5x using Sac/HindIII
restriction sites (GenScript, Piscataway, USA). The peptide
fused to maltose binding protein (MBP) was overexpressed
overnight at 18 °C in BL21-CodonPlus (DE3)-RIPL cells
(Agilent Technologies, USA). Cells were lysed in lysis
buffer (50 mM Tris pH 8.0, 200 mM NaCl) and the fusion
protein was bound to Ni-NTA (GE Healthcare) and eluted
with lysis buffer containing 250 mM imidazol. The antise-
rum was raised in rabbits (Biogenes, Berlin, Germany). This
serum was purified against heterologously expressed pro-
tein transferred to PVDF membrane. The strip was blocked
with 5% skim milk in PBS (140 mM NaCl, 2.7 mM KCI,
10 mM Na,HPO,, 1.8 mM KH,PO,, pH 7.3) for 30 min
at RT. The strip was washed three times for 5 min in PBS,
then 2 ml of serum were applied followed by incubation at
4 °C overnight. One wash step with PBS +0.05% Tween
20 was followed by three washings in PBS for 15 min each.
Bound antibodies were eluted by applying 100 mM glycine
pH 2.6 for 10 min and the eluate was neutralized by addi-
tion of 100 mM Tris/HCl pH 8.0. The purified antibody was
then incubated with a strip of PVDF membrane with trans-
ferred MBP, handled as described above, except that the

supernatant after overnight incubation was kept, aliquoted
and frozen until further use. In general, all antibodies were
raised against heterologously expressed proteins in rabbits.
Anti-GFP mouse monoclonal antiserum was obtained from
Roche.

Extraction of total leaf proteins
and immunoblotting

Leaves were ground in liquid nitrogen and the powder resus-
pended in an equal volume of 50 mM Tricine pH 8.0, 2%
LDS complemented with 1 X complete protease inhibitor
(Roche). The mixture was incubated for 30 min on ice and
centrifuged at 20.000g for 20 min at 4 °C. The supernatant
was directly used for protein determination by BCA assay
(Pierce), the rest was supplemented with 50 mM EDTA and
10 mM DTT and either directly loaded onto SDS gels or
frozen at — 20 °C until further use.

Immunoblotting was performed onto PVDF membranes
in Towbin buffer (25 mM Tris pH 8.3, 192 mM glycine, 1%
SDS, 20% methanol) in a wet blot apparatus for 1 h at RT at
300 mA or overnight at 4 °C at 60 mA. The membranes were
blocked for 30 min with 1% skim milk in 50 mM Tris pH
7.6, 150 mM NaCl, 0.05% Tween 20 (TBS-T) and then incu-
bated with specific antibodies in 1:1000 dilution in TBS-T
overnight at 4 °C. Subsequently, membranes were washed
three times in TBS-T, then incubated with HRP-coupled
secondary antibody (goat-anti-rabbit (Sigma Aldrich) or
goat-anti-mouse in case of anti-GFP, respectively) in block-
ing buffer for 1 h at RT, then washed three times in TBS-T.
Proteins were detected by chemiluminescence after incubat-
ing the membranes in 100 mM Tris pH 8.5, 25 mM luminol,
4 mM coumaric acid, 0.2% H,O, for 1 min.

Isolation of intact chloroplasts from pea
and Arabidopsis

Pea leaves were ground in a kitchen blender in 330 ml isola-
tion medium (330 mM sorbitol, 20 mM MOPS, 13 mM Tris,
3 mM MgCl,, 0.1% (w/v) BSA, pH 7.6) and filtered through
four layers of mull and one layer of gauze. The homogenate
was centrifuged for 1 min at 1500g and the pellet was gently
resuspended in 1 ml of wash medium (330 mM sorbitol,
50 mM HEPES/KOH, pH 7.6). This suspension was layered
onto a discontinuous Percoll gradient of 40/80% Percoll in
330 mM sorbitol, 50 mM HEPES/KOH, pH 7.6 and centri-
fuged for 5 min at 3000g in a swing out rotor. Intact chloro-
plasts were collected from the 40/80% interface and washed
twice with wash medium. The final pellet was resuspended
in an appropriate amount of wash medium and the chloro-
phyll concentration determined (Arnon 1949).
Arabidopsis plants were homogenized by a Polytron
mixer in isolation buffer (0.3 M sorbitol, 5 mM MgCl,, 5
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mM EDTA, 20 mM HEPES-KOH, 10 mM NaHCO; pH
8.0) and filtered through one layer of gauze. The filtrate was
collected and again mixed in isolation buffer for a total of
four times and centrifuged at 1200g for 3 min at 4 °C. The
pellet was resuspended in residual buffer and layered onto a
Percoll gradient (30/82% Percoll in 0.3 M Sorbitol, 20 mM
Hepes pH8.0, 5 mM MgCl,, 5 mM EDTA) and centrifuged
for 5 min at 1500g. Intact chloroplasts were collected from
the interface and washed in 50 mM HEPES, 0.3 M sorbitol,
3 mM MgCl,, pH 8.0). The final pellet was resuspended in
an appropriate amount of wash medium and the chlorophyll
concentration determined (Arnon 1949).

Protease treatments of chloroplasts and inner
envelope vesicles

For trypsin treatment of intact chloroplasts an equivalent
of 100 pg chlorophyll (chl) was pelleted and resuspended
in 100 ul wash buffer supplemented with 0.5 mM CacCl,.
Trypsin was added in the indicated amounts per mg chl and
incubated for 45 min at 23 °C. The treatment was terminated
by addition of 1 X complete protease inhibitor (cpi), chlo-
roplasts were reisolated by centrifugation and washed once
with wash buffer+ 1 X cpi. The final pellet was solubilized
in Laemmli loading buffer containing 2 M urea and 1 X cpi,
heated at 65 °C for 5 min and plastids equivalent to 15 ug chl
were loaded onto an SDS gel followed by immunoblotting
as described above.

Pea chloroplasts were isolated from 20 trays of pea as
described above. Intact chloroplasts were lysed by incuba-
tion in 0.6 M sucrose, 20 mM tricine, 5 mM EDTA pH 7.6
for 10 min on ice in the dark followed by 50 strokes in a
dounce homogenizer. The lysate was diluted 1:2 with 20 mM
tricine, 5 mM EDTA pH 7.6 under gentle shaking followed
by centrifugation at 5000g for 10 min. The supernatant was
gently decanted and centrifuged for 1 h at 200,000g. The
resulting pellet was carefully rinsed with 20 mM tricine,
which was then loaded onto sucrose step gradients (0.996 M,
0.800 M and 0.456 M sucrose in 20 mM tricine) and centri-
fuged at 135,000g for 3 h in a swing out rotor. Bands repre-
senting the outer and inner envelope vesicles were carefully
removed, diluted at least 1:3 with 50 mM NaP; pH 7.6 and
pelleted for 1 h at 135,000g. The final pellets were resus-
pended in 50 mM NaP; pH 7.6, snap frozen in liquid nitrogen
and stored at — 80 °C.

For thermolysin treatment of isolated inner envelope
vesicles (Keegstra and Yousif 1986) (see above) equivalent
to 10 pg total protein/sample were centrifuged at 256.000g
for 10 min at 4 °C. The pellet was resuspended in 25 mM
HEPES pH 7.6, 5 mM MgCl,, 0.5 mM CaCl, and 1 pg
Thermolysin*10 pg protein~' was added. After 2 min at
RT, EDTA was supplemented to a concentration of 10 mM,
samples centrifuged as above and the resulting pellet
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resuspended in 25 mM HEPES pH 7.6, 5 mM EDTA with
a subsequent centrifugation step following. The final pellet
was resuspended in Laemmli loading buffer containing 2 M
urea and 1 X cpi, heated at 65 °C for 5 min and loaded onto
an SDS gel followed by immunoblotting.

All experiments were at least done in triplicates giving
the same results. Shown here are representative blots.

Topology model of KEA1

The following algorithms were used for the AtKEAT1 topol-
ogy and transmembrane model: Phyre2 web portal for pro-
tein modeling, prediction and analysis (Kelley et al. 2015);
COILS: Prediction of Coiled Coil Regions in Proteins
(Lupas et al. 1991), and TMMOD (Kabhsay et al. 2005). For
the MW calculation of possible trypsin fragments presented
in Table T1 the ProtParam tool provided on the ExPASy
server was applied (Gasteiger et al. 2005).

Accession numbers

KEA1 (At1g01790), KEA2 (At4g00630), Tic40
(At5g16620), NSI (At1g32070), Toc64 (At3g17970), Tic62
(At3g18890), Tic55 (At2g24820), FNRL1 (At5g66190).

Identification of PSKEA1(2) was achieved by applying
the BLAST function available in the RNA seq database
provided by Alves-Carvalho et al. (2015) (http://bios.dijon
.Anra.fr/FATAL/cgi/pscam.cgi) using the Pisum sativum
cv. Cameor Low Copy—assembly multi-kmer, library by
library. AtKEA1 and AtKEA2 protein sequences were
blasted separately.

Results

Design and functional verification
of a KEA1/2-specific antibody

To investigate the topology of the plastid inner envelope
KEAs and to determine the orientation of their respective
soluble N-termini a 61 amino acid peptide, specific to the
Arabidopsis thaliana carrier KEA1 (Fig. 1a), was heter-
ologously expressed in E. coli, purified (Fig. A2a), and
injected into rabbits. The resulting antibody was designated
a-KEA1(2) because only seven non-consecutive amino acids
within the highly conserved N-terminal stretch were found
to be different in KEA2 (Fig. 1a, Fig. Al).

For functional verification of the newly designed a-
KEA1(2) antibody total leaf protein from Col-0 wild-type
plants and loss-of-function mutants keal-1, kea2-1, and
keal-1kea2-1 were extracted. Additionally, we also extracted
total leaf protein from pUBQ10::KEA1(2):YFP gain of func-
tion mutants in the keal-1kea2-1 background. The goal here
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Fig.1 KEA1l and KEA2 protein expression in different Arabidopsis lines:
a Schematic representation of KEA1 protein. The peptide against which the
antiserum was raised is indicated by a red box, the transmembrane region by
a hatched box and the C-terminal YFP protein fusion by a yellow star. b False
color representation of F,/F,, in Col-0, keal-lkea2-1 double mutant and two
complementation lines where native KEA1(2) was replaced by KEA1:YFP or
KEA2:YFP, respectively. ¢ 20 pg protein of total leaf extract were separated
on SDS gels and immunolabeled with a-KEA1(2). d The same as in ¢ but
membrane exposure time was shortened. Ponceau staining shows equal pro-
tein loading. e Same leaf extracts from KEA1:YFP and KEA2:YFP were run
on a separate gel and probed with a-GFP. Note, the depicted lanes were not
directly adjacent on the original membrane as indicated by the vertical black
line. Molecular sizes shown on the left

was to introduce a second and independent epitope site on
KEAT1 and KEA?2 that would allow to exclusively probe the
C-termini of either protein using a commercial a-GFP anti-
body (Fig. 1a). As shown by false color images depicting
the maximum quantum yield of photosystem II (F,/F,) both
lines expressed sufficiently high amounts of the respective
fusion protein to restore F/F,, values to wild-type levels
whereas the untransformed keal-1kea2-1 control revealed
characteristically low F/F,, (Fig. 1b). Subsequently, 20 pg
of total leaf protein extracts per genotype were separated
via SDS page and initially immunoblotted using a-KEA1(2)
(Fig. 1¢c). Whereas the KEA protein was strongly detectable
in wild-type controls with a molecular weight of ~ 123 kDa,
the KEA-specific signal decreased significantly in keal-
I single mutants. Interestingly, the signal in kea2-1 was
slightly stronger than in Col-0 wild-type, which may indi-
cate an upregulation of KEA1 when KEA?2 is missing. In
the reverse scenario, i.e., in the absence of KEA1 probed
with leaf protein extracts from keal-1 mutant, KEA2 sig-
nal remained well below wild-type level. Notably, in most
extracts an additional weak band at~ 100 kDa was visible
(Fig. 1c). This band may represent a degradation product
formed during the extraction. As expected, no signal was
found when leaf proteins extracted from keal-I1kea2-1 were
decorated with a-KEA1(2). This finding confirms that keal-
lkea2-1 indeed represents a genuine null mutant. Further-
more, the results show a highly specific binding capacity
for a-KEA1(2).

Next, we used protein extracts from nsi-/ mutants to test
if a lack of acetylation on KEA1 and KEA2 would impact
the electrophoretic migration and/or protein stability of
the proteins as seen in other instances (Buehl et al. 2014).
However, no differences in the band size or position were
noticeable at the given resolution. Non-acetylated KEA1 and
KEAZ2 proteins were detected equally well and subjectively
to similar amounts in leaf protein extract from nsi-/ mutants
(Fig. 1c). These results are in line with the study of Koskela
et al. (2018), where a strong decrease in lysine acetylation
but no significant protein abundance changes were observed
for KEA1 and KEA?2 in nsi loss-of-function mutants. Lastly,
we moved towards testing the second C-terminal epitope site
on KEA1 and KEA2 by immunoblotting protein extracts
from pUBQ10::KEAI(2):YFP overexpressor lines in the
keal-lkea2-1 mutant background (Fig. 1d). Indeed, a-
KEA1(2) recognized the size-shifted, larger fusion proteins
in both lines (~ 150 kDa). Notably, although both lines suffi-
ciently expressed KEA1 and KEA?2 to fully restore the wild-
type phenotype (Fig. 1b), the pUBQ10::KEA1:YFP line gave
a much stronger signal indicative of higher transgene expres-
sion levels in the mutant. Subsequently, this result was con-
firmed by using a commercial a-GFP antibody detecting the
YFP tag on KEA1(2):YFP fusion proteins at the very same
size (~ 150 kDa) (Fig. le).
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Probing the topology of KEA1 N- and C-termini
using isolated Arabidopsis wild-type and mutant
chloroplasts

Because of its higher expression in leaf tissue, we spe-
cifically focused on the topology of KEA1. To this end,
intact chloroplasts were isolated from kea2-1, keal-
lkea2-1+pUBQ10::KEAI:YFP, nsi-1, and Col-0 wild-type
plants. Subsequently, plastids were treated with increasing
concentrations of trypsin aiming to penetrate only the outer,
but not the inner envelope membrane (Jackson et al. 1998).
Two controls were employed in the protease treatments:
firstly, the outer envelope protein Toc64 (a-Toc64) which
is highly susceptible to proteases due to its large cytosolic
domain (Sohrt and Soll 2000). Secondly, intactness of the
inner envelope membrane in the presence of trypsin was
monitored using a Tic40 antibody (Stahl et al. 1999). Tic40
consists of only a very short N-terminal stretch in the inter-
membrane space (~38 amino acids), one transmembrane
domain spanning the inner envelope membrane, and the
bulk of the protein (detected by a-Tic40) which resides in
the stroma (Chou et al. 2003; Froehlich 2011). Thus, disrup-
tion of the inner envelope by trypsin results in a rapid loss
of a-Tic40 signal due to complete degradation of the Tic40
protein.

The probing of untreated kea2-1 chloroplasts with a-
KEAI1(2) resulted in the detection of KEA1 at~ 123 kDa.
Upon trypsin treatment, two stable protein fragments
appeared at 100 kDa and 62 kDa (Fig. 2a, indicated by an
asterisk and a triangle). A similar pattern was observed for
KEA1:YFP fusion proteins in trypsin-treated plastids iso-
lated from keal-lkea2-1+pUBQ10::KEAI:YFP mutants
(100 kDa asterisk and 62 kDa triangle). Additionally, two
faint bands, likely representing transitional peptidase prod-
ucts, appeared above and below the 70 kDa marker band
(arrow). The main stable 62 kDa (triangle) fragment detected
by a-KEA1(2) remained clearly protected from trypsin.
This allows to conclude that the KEA1 N-terminus faces
the chloroplast stroma, since the antibody only recognizes
the N-terminus, as described above. Subsequently, the same
membrane was incubated with a-GFP to probe the KEA1
C-terminus. While as expected no signal was observed in
extracts from kea2-1 plastids, distinct signals were detected
in lanes with keal-Ikea2-1+pUBQ10::KEAI:YFP mutant
chloroplasts (Fig. 2a). After treatment with increasing
amounts of trypsin three stable fragments between 100 and
50 kDa accumulated (indicated by diamonds in Fig. 2a).
This result strongly indicates that the YFP tag, located at
the C-terminus of the protein, is also protected from trypsin
and thus must reside in the stroma. Decoration of the same
samples with Toc64 antibodies demonstrated the efficiency
of the trypsin treatment, i.e., Toc64 signal almost completely
vanished resulting from the digestion of the large cytosolic
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Toc64 domain. In contrast, the vast majority of Tic40 pro-
tein remained intact. A very weak degradation product of
Tic40 appears in the trypsin-treated samples at approxi-
mately 37 kDa, most likely resulting from a few chloroplasts
being ruptured during the one hour long treatment and pel-
leted together with the intact ones. Nevertheless, this result
proves the almost complete intactness of the inner membrane
throughout the trypsin treatments (Fig. 2a).

To investigate whether the lack of acetylation in the
N-terminus has an influence on protease sensitivity for
instance due to different folding we treated Col-0 and
acetylase deficient nsi-I mutant chloroplasts with trypsin.
Because an identical band pattern arose from Col-0 and nsi-
1 (100 kDa asterisk and 62 kDa triangle as seen in Fig. 2a)
we conclude that KEA1 acetylation does not generally affect
protease sensitivity (Fig. 2b).

Finally, to demonstrate that none of the analyzed proteins
are intrinsically resistant to trypsin, we incubated chloro-
plasts with 500 ug trypsin*mg~' Chl in the presence of 1%
Triton X-100 (Tx-100). The added detergent resulted in a
complete lysis of the chloroplast membranes thereby allow-
ing access of the protease to the stroma. As shown by the
lack of immunodetection, all probed proteins were effec-
tively degraded (Fig. 2c).

Probing the localization of the KEA1(2) N-terminus
in isolated pea chloroplasts and envelope
membrane vesicles

Pea has remained a key system to study the chloroplast pro-
teome and protein import into the organelle. One advantage
of pea chloroplasts is that they give access to highly pure
fractions of each of the three plastid membranes. There-
fore, we were eager to test a-KEA1(2) topology in pea
while also verifying our results obtained in Arabidopsis.
Indeed, database mining confirmed the presence of KEA1
and KEA?2 orthologs in pea on RNA (Alves-Carvalho et al.
2015) and on the proteome level (Gutierrez-Carbonell et al.
2014). BLAST search against this assembled pea transcrip-
tome revealed the presence of two isoforms, Ps020943
and Ps035465. Both show high homology to AtKEA1 and
AtKEA?2 covering the whole length of the proteins, which is
confirmed by peptides identified in proteomics approaches
(Fig. Al). Since Ps020943 features a similar high homology
score to AtKEAT1 than to AtKEA?2 and the identified pep-
tides originate from both isoforms, it is difficult to unequivo-
cally assign which of the pea orthologs represents AtKEA1
and AtKEAZ2, respectively. Comparison of RNA expression
levels indicates a higher amount of Ps020943 than Ps035465
RNA, suggesting that the former represents the ortholog to
AtKEAI1, which is also higher expressed on RNA and on
protein level (Fig. 1c). The PsSKEA1(2) ortholog was rec-
ognized exclusively in the inner envelope fraction from pea
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Fig.2 Trypsin treatment of
Arabidopsis chloroplasts: a
Intact chloroplasts of kea2-1
and the KEA1:YFP comple-
mentation line were treated with
0, 500, or 1000 pg trypsin*mg ™!
chlorophyll. Samples corre-
sponding to 15 pg chl were sep-
arated on SDS gels, transferred
onto PVDF and immunolabeled
with a-KEA1(2), a-GFP, a-
Tic40, and a-Toc64, respec-
tively. Molecular size markers
on the left. b Intact chloroplasts
of Col-0 and nsi-1 were treated
with 0 or 500 trypsin*mg™"

chl. Asterisk, arrowhead,
triangle and diamond indicate
specific KEA1 fragments (for
details please refer to the text).
a-Tic40, and a-Toc64 served a
trypsin treatment controls
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chloroplasts using a-KEA1(2) (Fig. 3a). Due to the high
identity of AtKEA1 and AtKEA?2 in the C-terminal region
it is not possible to unequivocally distinguish if pea also
features two isoforms. Nevertheless, we performed protease
treatments on intact pea chloroplasts as well as isolated inner
envelope vesicles from pea to determine if KEA orienta-
tion/topology in the inner envelope is conserved across spe-
cies. In the absence of trypsin, the PSKEA1(2) protein was
detected in pea chloroplasts at a similar size to Arabidopsis,

i.e.,~ 120 kDa (Fig. 3b). The protein proved to be suscepti-
ble to trypsin (Fig. 3b), resulting in three lower molecular
weight fragments of approximately 110 kDa, 70 kDa, and
58 kDa, respectively (marked by a black asterisk, arrowhead
and triangle), similar to what was observed for Arabidopsis
chloroplasts (Fig. 2a-b).

Upon applying high concentrations of trypsin (> 500 ng
mg~! Chl) the protease gained initial access to the stroma,
as indicated by slightly degraded Tic40. Toc64 was again

@ Springer



50

Photosynthesis Research (2020) 145:43-54

Fig.3 PsKEA1(2) proteins

in pea chloroplasts: a Immu- a

noblots of purified outer and IE OE
inner envelope vesicles from kDa
pea chloroplasts, respectively. 100 — —
Membranes equivalent to 10 ug
protein were probed with anti-
bodies against KEA1(2), Ticl110
as inner and Toc75 as outer
envelope control as indicated.
The lower panel represents a
Ponceau stain of the same mem-
brane. b Protease treatments of
pea fractions: Intact chloroplasts
equivalent to 100 pg chl were
treated with 0, 100, 200, 500,

or 1000 pg trypsin*mg~" chl.
Organelles corresponding to

15 ug chl were separated on
SDS gels and probed with the
indicated antisera. Asterisk,
arrowhead, triangle indicate
specific KEA1 fragments. The
lower panel shows the Ponceau
stain of one representative
membrane. Molecular sizes
shown on the left. Bottom pan-
els depict trypsin treatment with
500 pg protease in the absence
or presence of 1% Tx-100. The
membranes were probed with
indicated antisera
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used as a positive control for trypsin digestion (Fig. 3b). To
demonstrate that none of the detected proteins is intrinsically
resistant to trypsin, we performed the protease treatment
in the presence of 1% Tx-100 as used before on Arabidop-
sis chloroplasts. As seen in Fig. 3b (bottom panels), KEA,
Tic40 as well as Toc64 were completely digested under these
conditions. In summary, the results obtained from pea also
point to the N-terminus being located in the stroma.

Lastly, we attempted the use of right-side-out isolated
inner envelope vesicles (Fig. A2b, c). However, even in the
presence of protease inhibitors throughout the isolation the
system remained challenging. In the case of the PSKEA1(2)
protein and Tic40 some unspecific proteolysis was docu-
mented by the presence of lower molecular weight fragments
in the samples not treated with protease. Nevertheless, we
treated the inner envelopes with thermolysin to elucidate the
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protease accessibility of the fragments. In this case, thermo-
lysin was chosen over trypsin since it was shown that under
the applied experimental conditions it shears off all acces-
sible protein parts without the need for a specific recognition
motif which might be buried within the secondary struc-
ture and/or by other proteins (Froehlich 2011). Treatments
with low concentrations of thermolysin did not compromise
the inner envelope membrane integrity as demonstrated by
unscathed Tic40 and Tic62, which both reside at the stromal
side of the inner membrane. A slight but expected size shift
in Tic55, an inner envelope protein with predicted soluble
loop in the intermembrane space, was observed. This is con-
sistent with previously obtained data (Caliebe et al. 1997).
PsKEA was easily fragmented at the lowest concentration
of thermolysin, most likely due to exposed loops in the IMS.
Nevertheless, the detection of stable PSKEA1(2) fragments
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in the 0.5 or 1 ug thermolysin treated samples confirm the
localization of the N-terminus in the stromal compartment.

The fact that these fragments are barely detectable when
thermolysin crossed the inner envelope (>2 pg*10 ug™
total protein) as indicated by partly digested Tic40 and a
fragment of the stromal protein FNR appearing supports the
hypothesis that they are genuine proteolytic products and not
unspecifically recognized unrelated pea proteins (Fig. A2c).

A topology model for KEA members
in the chloroplast inner envelope membrane

To summarize the data obtained during this study, we gener-
ated a topological model of KEA1(2) in which we marked
the potentially accessible trypsin cleavage sites located in
soluble loops between the predicted transmembrane helices
(Fig. 4). Lysine and arginine residues in very small loops
and/or extremely close to the membrane were not taken
into account since these are usually not recognized by the
protease due to their unattainability. From that we deduced
the size of expected protease resistant fragments. If all indi-
cated cleavage sites exposed to the IMS were recognized,
the N-terminal fragment would be about 67 kDa, whereas
the C-terminus including YFP (26.4 kDa) would have an
approximate size of 58 kDa. All other resulting fragments
would have lost N- and C-terminus and therefore would be
undetectable by a-KEA1(2) or a-GFP antibodies. Should
only one of the possible recognition sites be cleaved, frag-
ment sizes would be 90 kDa, 82 kDa, 74 kDa, or 67 kDa for
the N-terminal part and 58 kDa, 66 kDa, 73 kDa or 80 kDa
for the C-terminal end including YFP, respectively. All these
numbers are approximations according to the theoretically

calculated molecular weight (please refer to Table T1) and
do not necessarily exactly represent the apparent running
behavior on SDS gels. Taking all this into account, we con-
clude from the presented data that both N-and C-termini face
the stromal side of the inner envelope. We can, however, not
absolutely exclude that one or more sites could be protected
within the folded protein, though we do not consider this a
likely scenario.

Discussion

In this study, we investigated the topology of the chloroplast
inner envelope K*/H* exchanger KEA1. A ~500 amino acids
soluble stretch, exclusively found in inner envelope KEA
members, served as an epitope for the design of the antibody
a-KEA1(2). This characteristic N-terminal domain is found
in KEA1 orthologs from moss, monocots, and dicots (Chan-
roj et al. 2012). Using chloroplasts isolated from Arabi-
dopsis and pea, we show that a-KEA1(2) can be applied
to investigate KEA1(2) expression and protein topology
in different plant species. Analysis of isolated chloroplasts
in which only KEAI is present revealed stable N-terminal
protein fragments, protected from trypsin. We therefore con-
clude that the N-terminus of the inner envelope membrane
KEAs resides in the chloroplast stroma. In the stroma, the
N-terminus becomes acetylated probably by the recently
described NSI enzyme (Koskela et al. 2018). Although the
biological relevance of KEA1 acetylation requires further
research, both findings in conjunction provide initial evi-
dence for a protein—protein interaction, which occurs in the
plastid stroma. Inner envelope membrane vesicles isolated

intermembrane space

Fig.4 Topology model of KEA1l: Combining our data with struc-
tural prediction tools (see M&M), the N-terminal part is predicted to
comprise 2-3 coiled coil domains (symbolized by helical structures)
and to be oriented towards the stroma. The number of hydrophobic
transmembrane alpha helices is not clear — 10 are strongly (blue cyl-

inders), two further are more weakly predicted (light blue cylinders).
The C-terminus, containing the KTN domain (orange) also faces
the stroma. Possible trypsin recognition sites determined by the pro-
tease’s known specificity for arginine and lysine residues are symbol-
ized by flashes
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from pea chloroplasts strongly favor an right-side-out ori-
entation in aqueous buffers (Waegemann and Soll 1995).
This allowed us to confirm the KEA N-terminus localiza-
tion towards the stroma because proteinase-treated inner
envelope vesicles also revealed stable breakdown products
recognized by a-KEA1(2).

The second site of potential KEA1 regulation is repre-
sented by a KTN domain located in the soluble C-terminal
stretch. The same domain is conserved in the C-terminus of
the thylakoid carrier KEA3 (Chanroj et al. 2012) where it
was shown that the region is required to inhibit thylakoid K*/
H* exchange. A truncated KEA3 version lacking the KTN
domain seemed more active and had a stronger impact on
pH-dependent NPQ induction (Armbruster et al. 2016). In
our studies, we found strong evidence that the KTN domain
of KEA1 (and thus also likely KEA2) is facing the stromal
side of the inner envelope membrane. This assumption is
based on our results obtained from functional C-terminal
KEA1:YFP fusion proteins and the fact that a-GFP always
detected stable KEA1:YFP fragments in trypsin-treated plas-
tids (Fig. 2a).

Because our data indicate localization of N-terminus and
C-terminus in the chloroplast stroma, it can be concluded
that KEA1 (and likely KEA2) contains an even number of
TM domains (Fig. 4). Indeed, a 12 TM domain structure
was proposed in the past based on homology modeling of
KEA members and their bacterial ortholog KefC (Chanroj
et al. 2012). The short soluble KEA3 N-terminus of only
seven predicted amino acids after processing of the transit
peptide (Sun et al. 2009), has made detailed KEA3 topology
studies challenging. However, based on the homology model
put forward by Chanroj et al. (2012), it is conceivable that
KEA3 also contains 12 TM domains. Additionally, since the
transport direction of KEA3 favors pumping of K* into the
lumen in exchange for protons and under consideration of
the KEA1 topology data obtained here, a localization of the
KEA3 C-terminal KTN domain in the stroma seems reason-
able (Wang et al. 2017). This would allow simultaneous reg-
ulation of all three chloroplast KEAs via the KTN domain
in the stroma where KTN binding substrates are abundant.
The long N-terminus exclusively found in the inner envelope
KEAs likely represents a second well-needed layer of protein
regulation possibly via lysine acetylation. This two-site regu-
latory mechanism may be required in physiological condi-
tions in which an independent KEA regulation at the inner
envelope and thylakoid membrane is critical. KEA3 plays
a role in regulating photosynthesis under dynamic growth
light and thus KEA3 activity in the thylakoid membrane
needs accurate fine-tuning (Armbruster et al. 2016; Wang
et al. 2017; Hohner et al. 2019). However, simultaneously
constant K*/H* exchange across the envelope membrane
needs to be ongoing to maintain plastid pH and ion homeo-
stasis and with that proper chloroplast function altogether.

@ Springer

In line with publicly available transcriptomic data (Fig. A3),
our results confirm that KEATI is far higher expressed in
Arabidopsis leaf tissue than KEA?2 (Fig. 1c). The fact that
keal null mutants remain free of phenotypic malfunction
in the greenhouse (Kunz et al. 2014) may indicate that only
minute amounts of KEA protein in the chloroplast envelope
membrane are sufficient to maintain the physiological func-
tion of the organelle under ideal growth conditions. Addi-
tionally, the inner envelope KEA proteins may have a very
slow turnover, which needs to be addressed in the future.
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